Abstract The fatty acid synthase (FAS) is a conserved primary metabolic enzyme complex capable of tolerating crossspecies engineering of domains for the development of modified and overproduced fatty acids. In eukaryotes, acyl-acyl carrier protein thioesterases (TEs) off-load mature cargo from the acyl carrier protein (ACP), and plants have developed TEs for short/medium-chain fatty acids. We showed that engineering plant TEs into the green microalga Chlamydomonas reinhardtii does not result in the predicted shift in fatty acid profile. Since fatty acid biosynthesis relies on substrate recognition and protein-protein interactions between the ACP and its partner enzymes, we hypothesized that plant TEs and algal ACP do not functionally interact. Phylogenetic analysis revealed major evolutionary differences between FAS enzymes, including TEs and ketoacyl synthases (KSs), in which the former is present only in some species, whereas the latter is present in all, and has a common ancestor. In line with these results, TEs appeared to be selective towards their ACP partners, whereas KSs showed promiscuous behavior across bacterial, plant, and algal species. Based on phylogenetic analyses, in silico docking, in vitro mechanistic cross-linking, and in vivo algal engineering, we propose that phylogeny can predict effective interactions between ACPs and partner enzymes.
Introduction
Fatty acids are biosynthesized by the fatty acid synthase (FAS), which consists of several catalytic domains, either present on separate proteins (type II) or on one polypeptide (type I). Type II synthases are typically found in bacteria but also in mitochondria, chloroplasts, and apicoplasts of eukaryotes. Type I synthases are present in eukaryotes and thought to be a fusion of the evolutionarily older type II synthases (McCarthy and Hardie 1984) . The acyl carrier protein (ACP) (Crosby and Crump 2012; Cantu et al. 2012b ) is the central protein that carries the iteratively growing fatty acid on its phosphopantetheine arm, which is post-translationally added by dedicated phosphopantetheinyl transferases (PPTases) (Lambalot et al. 1996) . In type II synthases, ACP buries its attached cargo within its inner hydrophobic core, and protein-protein interactions with catalytic proteins induces the acyl chain to release from the inner core and into the active site of the catalytic protein (Zornetzer et al. 2010) . Productive catalysis therefore depends not only on substrate recognition, but also on favorable protein-protein interactions (Worthington et al. 2006) .
Fatty acid biosynthesis is catalyzed in iterative cycles by acyl transferases (ATs), ketoacyl synthases (KSs), a ketoreductase (KR), a dehydratase (DH), and an enoyl reductase (ER) (Fig. 1 ). This set of enzymes is highly conserved throughout all kingdoms of life (Campbell and Cronan 2001) . However, to off-load cargo from the ACP, bacteria use an AT to directly acylate glycerol-3-phosphate, whereas eukaryotes utilize an acyl-acyl carrier protein thioesterase (TE) to hydrolyze the mature fatty acid chain from the ACP (Fig. 1) (Jones et al. 1995) . Plants and green microalgae are noteworthy in this context, since their fatty acid biosynthesis takes place in the chloroplast, which originates from an endosymbiotic event between an early eukaryote and cyanobacteria. Although prokaryotic in nature (type II FAS), plants and algae use thioesterases, and we (Blatti et al. 2012 ) and others (Jing et al. 2011) have recently shown that the TE from green microalgae is distinct from plants, both phylogenetically as well as in substrate specificity. Whereas plants have developed specific TEs for different acyl chain lengths, FatA and FatB (Salas and Ohlrogge 2002) , algae use one broad-specificity thioesterase, Fat1 (Blatti et al. 2012) . Since TEs determine chain length, many bioengineering efforts have been geared toward manipulating fatty acid chain length for "designer oils" and biofuels by introducing foreign TEs or upregulating endogenous ones, which has proven to be successful in bacteria (Yuan et al. 1995) and plants (Thelen and Ohlrogge 2002) . Similar efforts in microalgae, however, show limited effect , suggesting that plant TEs engineered into algae do not productively interact with the endogenous FAS machinery and in particular the ACP. Why are vascular plant TEs functional in bacteria but not (or much less so) in algae? Here, we attempt to answer this question by investigating the evolutionary origin of TEs in comparison to the other FAS enzymes.
In contrast to TEs, KSs ) are omnipresent, essential, and share a known common ancestor in the archaeal thiolase (Jiang et al. 2008 ). KSs catalyze carbon-carbon bond formation via a Claisen condensation, and typically three different KSs are found in the type II FAS synthase (Fig. 1) . Together with malonyl-CoA acyl transferase (MCAT), KSIII is responsible for initiation of the fatty acid catalytic cycle by condensing malonyl-ACP with acetyl-CoA. KSI elongates the fatty acid up to palmitoyl-ACP, and KSII catalyzes the biosynthesis of stearoyl-ACP from palmitoyl-ACP. By divergent evolution, these initiation and elongation enzymes have developed from the thiolase precursor. Chen et al. (2011) identified five KS families: KS1 is represented by KSIII, KS2 by eukaryotic fatty acid elongases, KS3 by KSI and KSII, KS4 by chalcone synthases, and KS5 by animal very long chain fatty acid elongases. To date, no structures of KS2 and KS5 have been published but KS1, KS3, and KS4 share a similar structure . In this superfamily of enzymes, the nucleophilic α-anion of an acyl-thioester is generated in either a non-decarboxylative or decarboxylative fashion, the latter an evolutionarily more recent optimization of this class of enzymes, to which the KSs belong. Here, we identify algal KSs, determine their phylogenetic context, and compare engineering of KS into various species with similar efforts for TE domains. Comparing TE and KS side-by-side shines light on the apparent directionality in the ability of FAS enzymes to interact with each other. Including data on the other FAS enzymes (MCAT, KR, DH, and ER) led us to the hypothesis that evolution can teach us rules on protein-protein interactions across species. Using phylogenetic analyses, in silico proteinprotein modeling, in vitro mechanistic cross-linking, and in vivo engineering, we showcase the compatibility between FAS enzymes and ACP from different species, focusing here on the green microalgae Chlamydomonas reinhardtii.
Materials and methods
Sequence alignments Structure-based alignments of bacterial, algal, and plant FAS enzymes were produced using TCoffee (Notredame et al. 2000) , MUSCLE (Edgar 2004) , and ESPript (Gouet et al. 1999 ).
Phylogenetic analyses Phylogeny was initially analyzed using FastTree (Price et al. 2010) . Some enzymes (e.g., KSIII, FabH) are not annotated in any algal genome. These putative enzymes were identified by PSI-BLASTing (Altschul et al. 1997 ) known plant enzymes against microalgal genomes. Detailed phylogenetic analyses were conducted with sequences obtained from the UniProt and NCBI databases. Sequences were aligned with MUSCLE (Edgar 2004) and Bayesian trees constructed using MrBayes (Huelsenbeck and Ronquist 2001) . The "mixed" amino acid analysis model (Ronquist and Huelsenbeck 2003) was used, and Markov chain Monte Carlo analysis (Larget and Simon 1999) was performed for 1 million generations with 4 independent chains, sampling every 500 generation. At the end of the run, average standard deviation (<0.001) and potential scale reduction factor (approaching 1.0000) were used as a measure for convergence of the process. Tree representations were made using FigTree (Rambaut 2009) or Mega (Tamura et al. 2011) .
Protein modeling and docking Proteins were homology modeled using Swissmodel (Schwede et al. 2003) and docked using the Cluspro server (Comeau et al. 2004) . Models were compared with the models obtained from the i-Tasser server (Zhang 2008) , and no significant deviations between the two homology modeling algorithms were observed. Since KSII is dimeric, dimer models (prior to protein-protein docking) were predicted using the Cluspro server (Comeau et al. 2004) . Models were manually examined using PyMol (Pymol 2012) .
Protein expression and purification CoaA, CoaD, CoaE, Sfp, and Escherichia coli ACP (EcACP) (Worthington et al. 2006) , C. reinhardtii chloroplastic ACP (Cr-cACP) (Blatti et al. 2012) , C. reinhardtii acyl-ACP thioesterase (CrTE) (Blatti et al. 2012) , Pseudomonas aeruginosa ACP hydrolase (AcpH) (Blatti et al. 2012; Kosa et al. 2012) , and E. coli KSII (EcKSII) (Worthington et al. 2006; Kitagawa et al. 2006) were expressed in E. coli and purified according to standard protocols. AcpH catalyzed the formation of apo-ACPs from holoACPs in vitro (Kosa et al. 2012; Blatti et al. 2012 ).
In vitro activity-based cross-linking assay Biochemical reconstitution of a truncated CoA biosynthetic pathway formed reactive CoA-analogues in vitro (Worthington et al. 2006) , and the PPTase Sfp was used to load each ACP with reactive phosphopantetheine analogues 1, 2, and 3. Reactions contained phosphate buffer, pantetheine analogue (1, 2, or 3 in DMSO), MgCl 2 , ATP, ACP, CoaA, CoaD, CoaE, and Sfp (Worthington et al. 2006) . Following the one-pot formation of crypto-ACPs for 1 h at 37°C, EcKSII or CrTE/UcTE (Davies et al. 1991 )/ChTE (Dörmann et al. 1993 ) was added and the reactions were incubated for 3 h (KS) or overnight (TE) at 37°C (Blatti et al. 2012) . In negative control reactions, pantetheine analogue was omitted. To detect cross-linked species, anti-FLAG resin or Ni-NTA resin was added directly to each reaction and incubated for 1 h at 25°C. After washing the resin with TBS, proteins were eluted with 1 M arginine (pH 3.5) or 100 mM imidazole, respectively, and run on 8 % SDS-PAGE stained with coomassie to visualize cross-linked complexes.
ACP complementation assay To test whether Cr-cACP functionally interacts with E. coli FAS in vivo, we used ACP chromosomal knockout strain CY1877 (De Lay and Cronan 2007) . Since ACP is essential, this strain also harbors acpp on an arabinose-inducible plasmid (De Lay and Cronan 2007) . CY1877 was transformed with IPTG-inducible plasmids (proteins were cloned into pGEX-5X3 using BamH1 and Xho1) harboring Cr-cACP or FAS ACP from Vibrio harveyi (VhACP) (Volkmann et al. 2010 ). Transformants were selected on LB-agar plates supplemented with 50 μg mL spectinomycin, 100 μg mL ampicillin, and 0.2 % w/v arabinose after overnight incubation at 37°C. A dense overnight culture was diluted and plated on arabinose deplete LB-glucose-agar plates supplemented with spectinomycin and ampicillin. Sterile filter discs were added to each plate, 1 pmol of IPTG spotted, and incubated at 25 and 37°C overnight. In parallel, the assay was performed in liquid culture, as previously described (Volkmann et al. 2010) .
Fatty acid analysis of transgenic E. coli strains E. coli BL21 cells harboring FAS enzymes were cultured in 5 mL LB media supplemented with the appropriate antibiotics at 37°C overnight. These starter cultures were used to inoculate 5-mL cultures, and upon reaching an OD of 0.8, 500 μM IPTG was added to the cells to induce protein expression. Cells were induced for 4 h at 37°C and harvested by centrifugation. Both lyophilized supernatant media and bacterial cell pellet were separately resuspended in 1 M HCl in methanol, incubated for 30 min at 65°C, and fatty acid methyl esters (FAMEs) extracted using hexanes. The fatty acid composition was determined by GC/MS analysis on an Agilent 7890A GC system connected to a 5975C VL MSD quadrupole MS (EI). Helium was used as a carrier gas. A method employing a gradient of 110 to 200°C at 15°C min −1 followed by 20 min at 200°C on a 60 m DB23 column was used.
Expression of RcKSII in algal chloroplast KSII from the castor oil plant (Ricinus communis) was engineered into the C. reinhardtii chloroplast using methods previously described (Goldschmidt-Clermont 1991). The plant RcKSII gene was codon-optimized for C. reinhardtii chloroplast and subcloned into a chloroplast expression vector bearing a FLAG epitope at the carboxy terminus. Biolistics transformed C. reinhardtii strain C137+ with the RcKSII gene, integration of the RcKSII gene into the chloroplast genome was validated by PCR, and expression of the RcKSII protein in C. reinhardtii chloroplast was detected by Western blot using M2 anti-FLAG antibody. C. reinhardtii strains were grown on TAP media (Gorman and Levine 1965) Cultures were harvested and the cell pellet and the supernatant subjected to FAME extraction as described earlier.
Results
Sequence alignment and phylogeny of ACPs Structure-based sequence analysis of bacterial, algal, and plant ACPs ( Fig. S1 ) shows that the α-helical secondary structure, as well as the serine residue which serves as the site of post-translational modification, is conserved across species. Algal and plants genomes contain multiple copies of ACPs, including different isoforms and cellular localization (chloroplast, mitochondria and/or roots, leaves, see Table S1 ). C. reinhardtii has two ACPs, annotated as ACP1 and ACP2. We have at least three lines of evidence for the localization of ACP1 and ACP2 of C. reinhardtii. First, Atteia et al. (2009) identify ACP1 in the mitochondria of C. reinhardtii by a proteomics approach. Second, Predalgo (Tardif et al. 2012 ) (currently the only targeting prediction tool for algae) predicts mitochondrial targeting for ACP1 and chloroplastic targeting for ACP2. Third, a phylogenetic tree of ACPs shows at least 16 families (Cantu et al. 2012b) (Fig. S2A ) and subfamilies in FAS ACPs (Fig. S2B) , including the two C. reinhardtii ACPs: ACP1 clustering with mitochondrial ACPs and ACP2 with chloroplastic ACPs.
Sequence alignment and phylogeny of KSs Sequence alignment of bacterial, algal, and plant KSs (KSI, II, III) illustrates a high degree of sequence conservation between KS types across species (Fig. S1 ) (Jiang et al. 2008; Chen et al. 2011 Sequence alignment and phylogeny of TEs Chen et al. (2011) classified thioesterases into 23 families, from which at least 6 function on acyl-ACPs, including TE14 (classical hotdog fold FatA/FatB), TE15 (polyketide enediyne specific hotdog fold, TebC), TE16 (α/β-hydrolase part of type I FAS, PKS, or NRPS), TE17 (α/β-hydrolase part of type I PKS), TE18 (α/ β-hydrolase part of type II FAS, NRPS, PKS), and TE19 (α/ β-hydrolase, LuxD, responsible for hydrolyzing myristoyl-ACP as precursor for the substrate of luciferase) (Cantu et al. 2010) . The archetypical hotdog fold acyl-ACP TE family TE14 has recently been described in detail, being present in anaerobic bacteria, algae, and plants, but not in cyanobacteria (Jing et al. 2011) . Previously, we created a homology model of CrTE, modeled after the thioesterase from an obligate anaerobic bacteria (Lactobacillus plantarum) (Blatti et al. 2012) . Sequence alignment of TEs (Fig. S1 ) from anaerobic bacteria, plants, and algae shows many regions of sequence homology albeit that the putative active site cysteine residue of plant and algal TEs is missing in anaerobic bacteria. A rooted phylogenetic tree of TE sequences from anaerobic bacteria, algae, and plant FatA and FatB TEs was constructed to shine light on the evolutionary origin of the TE (Figs. 2b and S4 ). The TE superfamily can be divided in several clades (Jing et al. 2011; Blatti et al. 2012 ). There are two separate clades of algal Fat1 TEs, which appear to correlate with distinct algal fatty acid profiles (Fig. S20 ). Primitive plants, like the mosses Selaginella and Physcomitrella , Iterative activity of KS, KR, DH, and ER domains extends the chain by two carbons each cycle. β-ketoacyl ACP synthase I (KSI, FabB) extends the chain from C4 to C16 and β-ketoacyl ACP synthase II (KS2, FabF) forms C18 from C16 (f, g). In the bacterial termination pathway, fatty acids are transferred from acyl-ACP to glycerol-3-phosphate for phospholipid formation using an acyl transferase (AT) (h1), and in the eukaryotic pathway, mature fatty acids are hydrolyzed from acyl-ACP by an acyl-ACP thioesterase (TE) (h2)
form a separate clade in between green microalgae and plants (Jing et al. 2011) .
FAS enzyme phylogeny FabD is the MCAT that catalyzes the synthesis of malonyl-ACP from malonyl-CoA and holo -ACP. Interestingly, FabD links FAS and polyketide synthases in some bacterial species, providing the necessary starting material for both synthases (Florova et al. 2002) . Surprisingly, phylogenetic analysis of MCATs between cyanobacteria, bacteria, plants, and algae shows no close relationship between cyanobacterial and algal/plant enzymes (Figs. S5 and S6), suggesting an unusual evolutionary history (Ryall et al. 2003) . Recently, Cantu et al. classified DH, ER, and KRs based on primary and tertiary structure (Cantu et al. 2012a) , and deposited these enzymes and their families in the ThYme database ). Our phylogenetic analysis shows algal KRs placed between cyanobacteria and plants, having a similar close evolutionary relationship with both ( Figs. S7 and S8 ). The acyl-ACP DH used by most organisms is FabZ, which shows a similar evolutionary tree as KR (Figs. S9 and S10). FabA is another dehydratase found in E. coli that is absent in many other species (Fig. S11) . The phylogeny of enoyl-ACP reductase (ER, FabI) shows unusual characteristics, including its close homology between plants/algae and chlamydia, whereas the affinity between cyanobacteria and plants/algae is low (Figs. S12 and S13).
In silico modeling of ACP-KS and ACP-TE protein-protein interactions Having identified KSs and TEs in green microalgae and proposed their evolutionary origin, we next created homology models in order to screen in silico for protein-protein interactions with ACPs (Srikanta Dani et al. 2011) . EcACP was docked to KSII from E. coli , R. communis, and C. reinhardtii, and all three dimeric enzymes show highly convergent and similar docking with EcACP ( Figs. S14 and 3a) . Interestingly, an extracted EcACP structure from an EcACP-P450bioI complex (Cryle 2010) shows even more energetically favorable docking (Fig. S15) . Docking Cr-cACP to EcKSII, RcACP to CrKSII (Fig. S17) , and Cr-cACP to RcKSII all show convergent docking (Figs. S16 and 3b), suggesting functional protein-protein interactions between these ACPs and KSs across species. Docking EcACP to CrTE (Fig. 3c) shows similar results as docking Cr-cACP to CrTE, albeit with results that are not as convergent (Figs. S18 and 3d).
Mechanistic in vitro cross-linking assay between ACPs and FAS enzymes
To screen for in vitro compatibility between ACPs and KSII or TE, we utilized a mechanistic crosslinking assay developed in our laboratory (Fig. 4a ) (Worthington et al. 2006) . Here, pantetheine probes bearing a unique covalent warhead are post-translationally attached to ACP, and a catalytic partner protein is added. Cross-linking occurs between the ACP pantetheine warhead (Fig. 4b) and likely that ACPs and KS domains are interchangeable across species and will show cross-linking in all performed experiments. Indeed, when Cr-cACP and EcKSII were incubated Fig. 3 In silico docking of ACP-KS and ACP-TE across species. a EcACP-CrKSII, b CrACPEcKSII, c EcACP-CrTE, and d CrACP-CrTE. Homology models were constructed using Swissmodel (Schwede et al. 2003 ) and protein-protein interactions docked using the Cluspro server (Comeau et al. 2004) . Details (including RMSD values) can be found in Table S1 and additional docking figures in Figs. S14-S18 with chloroacrylamide pantetheine probe 1 (Fig. 4d) , the cross-linked complex was observed in high yield (as can be seen from the intense newly formed band in the gel), similar to that for EcACP with EcKSII (Fig. 4c) . We next sought to examine whether the algal/plant TEs interact with E. coli ACP, or whether the observed in vivo activity in bacteria and cyanobacteria is a case of substrate recognition. EcACP loaded with α-bromo-acyl-pantetheine probe(s) (2 and 3) was incubated with CrTE and the bacterial ACP crosslinks with the algal TE, although not to the same yield (as observed by a fainter band in the gel) as for EcACP/ EcKSII or Cr-cACP/CrTE (Fig. 4e) (Blatti et al. 2012) . In contrast to ACP-TE formation with C. reinhardtii 's proteins, where a higher yield was observed with a longer (C16) probe (3), both C6 and C16 probes resulted in the same yield of cross-linked product in the EcACP-CrTE experiment. The plant TEs did not crosslink with EcACP using either 2 or 3 (Fig. 4f) .
In vivo E. coli ACP complementation assay Results of the in vitro cross-linking assay between Cr-cACP and EcKSII demonstrate a strong functional interaction between the two proteins. To test whether the algal ACP is able to complement bacterial fatty acid biosynthesis and functionally interact with all seven of the bacterial FAS enzymes in vivo, we used an ACP complementation assay developed by Cronan et al. (De Lay and Cronan 2007) . As a positive control, we used the fatty acid synthase ACP from gram-negative bacterium V. harveyi (VhACP). Whereas VhACP complements the absence of EcACP both on plates and in liquid culture (Fig. S19) , Cr-cACP did not complement E. coli fatty acid synthase in vivo.
Fatty acid composition of E. coli strains engineered with ACPs, KS, and TEs In vitro Cr-cACP and EcKSII show a strong functional interaction (Fig. 5) , and although not complementing the absence of endogenous ACP in E. coli, overexpression of Cr-cACP in E. coli strain BL21 increases the levels of fatty acids, similar to the overexpression of EcACP (Fig. 5c, d ). In contrast, overexpression of Cr-mACP does not result in an alteration of the E. coli fatty acid profile, most likely due to the fact that this protein expresses as insoluble inclusion bodies (Blatti et al. 2012) . In general, when TEs were induced, fatty acid content decreased significantly (Fig. 5a vs. 5b ). E. coli BL21 (over)expressing UcTE shows an increase in C12:1, according to its natural activity, but the same behavior is not observed for ChTE. Uninduced, E. coli harboring CrTE shows increased levels of 14:0, 16:0 (twofold), 16:1 (threefold), 18:1 (Δ11), and the cyclopropanecontaining fatty acid cyC17:0; whereas induced CrTE leads to decreased levels of C16:0, cyC17:0, and cyC19:0 and increased levels of C16:1 and C18:0. In general, all uninduced TEs lead to increased levels of cyC17:0.
Engineering of RcKSII into C. reinhardtii To determine whether plant KSs can interact with Cr-cACP in vivo, RcKSII was engineered into the C. reinhardtii chloroplast (Fig. 6a) . No major changes in fatty acid profile were observed; however, a slight, but significant, increase in C18 fatty acids was observed (Fig. 6b) .
Discussion
In contrast to bacteria and plants, engineering fatty acid biosynthesis in algae has thus far led to unpredictable results. For example, we showed recently that although expressed and active, engineering plant TEs into the C. reinhardtii chloroplast does not lead to altered levels of fatty acids (Blatti et al. 2012) . In contrast, when plant TEs were engineered into E. coli (Voelker and Davies 1994) , Synechococcus elongatus (Liu et al. 2011; Kay et al. 2012) , and various plants (Thelen and Ohlrogge 2002) , significant changes in fatty acid quantity and profile occurred. Although mechanistically highly conserved, there appear to be rules governing crossspecies swapping of FAS enzymes, demonstrating that protein-protein interactions play a major role in this selection. Here, we further hypothesized that the evolutionary origin of these enzymes could be used to predict successful interchangeability. The acyl-ACP TEs, and their phylogeny, were recently studied by us (Blatti et al. 2012) , Jing et al. (2011), and Cantu et al. (2010) and, although algal TEs were first annotated as plant FatATEs, now they form a separate clade, called Fat1. Until recently, it was common belief that plant and algae TEs originated from the engulfed cyanobacterium during endosymbiosis (Jones et al. 1995 ), but we could not identify a typical TE, from family TE14, in any cyanobacterial genome. These TEs seem to be prevalent in obligate anaerobic bacteria like Bacteroides and Lactobacilli. Fatty acid biosynthesis occurs in the chloroplast, which is of cyanobacterial origin, and thus engulfed cyanobacterial FAS could accommodate the eukaryotic TE. This could be an explanation for the observation of plant and algal TE interchangeable function in bacteria and cyanobacteria. TE phylogeny closely matches those assembled for enzymes involved in anaerobic energy metabolism, such as FeFe-hydrogenases (also found in algal chloroplasts) (Meuser et al. 2011) , and cyclopropane fatty acid synthases (Yu et al. 2011) . Whereas hydrogenase and cyclopropane synthase expression in ancient anaerobic bacteria is well understood, the reason why they express acyl-ACP TEs remains unknown. Interestingly, we also identified cyclopropane fatty acid synthases in algal genomes, but so far, no algae have been shown to produce cyclopropane-containing fatty acids. Based on TE phylogeny and similarity to these other two enzymes, we postulate that TEs either evolved prior to the cyanobacterial engulfment in the non-photosynthetic eukaryotic host, maybe by horizontal gene transfer (HGT) between anaerobic bacteria and the early eukaryote, or by an early HGT event between primitive green algae and anaerobic bacteria. Since we cannot identify any family TE14 TEs in diatoms, red algae, or brown algae, the latter might be the case.
Although there are no acyl-ACP TEs, from family TE14, in aerobic bacteria and cyanobacteria, the E. coli genome contains the thioesterase TesA, a promiscuous enzyme with several catalytic activities ranging from TE, phospholipase to acyl transferase (Lo et al. 2003) . TesA is capable of hydrolyzing C8-C18 fatty acids from EcACP in vitro, but at very low Fig. 6 Engineering RcKSII into the C. reinhardtii chloroplast. Engineering of RcKSII into the C. reinhardtii chloroplast was performed as previously described for the engineering of thioesterases (Blatti et al. 2012) . a Western blot analysis of transgenic C. reinhardtii strain expressing RcKSII. b Fatty acid distribution of wild type (solid black) and RcKSII overexpressing (striped grey) C. reinhardtii strain (Cho and Cronan 1993) . Docking EcACP to TesA gives very poor in silico interactions (data not shown), suggesting that TesA mainly recognizes the fatty acid substrate. Because plant (and likely algal) TEs also recognize the fatty acid chain attached to ACP (Salas and Ohlrogge 2002) , it is possible that this is the mechanism by which plant TEs alter the fatty acid profile of bacteria and cyanobacteria. Mechanistic cross-linking experiments with a C6 and C16 pantetheine probe show that both Cr-cACP (Blatti et al. 2012) and EcACP functionally bind to CrTE, but that in both cases, the longer chain results in a higher yield, suggesting that the chain length of the natural substrate of CrTE lies closer to C16 (Fig. 4) . The plant TEs do not cross-link with either CrcACP (Blatti et al. 2012) or EcACP (Fig. 4f) , suggesting that these TEs alter the E. coli fatty acid profile by substrate recognition and not protein-protein interaction.
In a recent study, 31 TEs from family TE14 were expressed in E. coli strain K27, which contains a mutation in FadD, one of the enzymes responsible for degradation of fatty acids (Jing et al. 2011) . The authors conclude that phylogeny alone cannot predict TE specificity. Thioesterase activity relies on proteinprotein interactions and substrate binding between endogenous EcACP and engineered TEs. In contrast, we extracted fatty acid profiles from literature and compared those to a phylogenetic tree of TEs (Table S2 ). These profiles group well along the clades of the phylogram. This demonstrates that indeed phylogeny can be used to predict substrate specificity of TEs.
Expression of plant and algal TEs in E. coli strain BL21 shows a decrease in fatty acids upon induction of the enzymes, whereas uninduced cultures alter the E. coli fatty acid profile due to leaky expression of the T7 promoter. Similar behavior has been observed for TesA, in which moderate expression enhances fatty acid production but overexpression reduces the total amount of fatty acids. All uninduced algal and plant TEs increased cyC17:0, perhaps through increased fatty acid biosynthesis or upregulation of a cyclopropane synthase. Interestingly, plant TEs do not cross-link with either CrcACP or EcACP, but when plant TEs are engineered into bacteria (Voelker and Davies 1994) , cyanobacteria (Liu et al. 2011; Kay et al. 2012) , or other plants (Thelen and Ohlrogge 2002) , fatty acid profiles change towards the specificity of the TEs. Engineering plant TEs into algae only slightly alters the fatty acid profile, but algal TEs engineered into E. coli change the fatty acid content of bacteria significantly Gong et al. 2011) . Therefore, the ACP-TE interaction seems to be selective, as over time TEs evolved to have narrower substrate specificity. For example, the further evolved plant TEs do not seem to recognize bacterial or algal ACPs, but appear to act on the fatty acid chain attached to ACP.
In contrast to TEs, KSs are derivatives of prokaryotic FAS as can be seen from our and others (Jiang et al. 2008 ) phylogenetic analyses. Whereas TEs are only involved in the final step of fatty acid biosynthesis, KSs are essential in every iterative cycle. We therefore hypothesized that KSs must have a more flexible acyl-ACP specificity. For example, EcKSI can take over for EcKSII in vivo. More compelling, our lab has shown that the ACP-KS interaction is permissive across prokaryotic species, but unrelated carrier proteins from nonribosomal peptide synthases do not interact with KSs from E. coli FAS (Worthington et al. 2008 ). In silico protein-protein docking between bacterial, algal, and plant ACPs and KSs shows similar convergent docking behavior in all cases. In vitro Cr-cACP functionally interacts with EcKSII and forms a cross-linked complex, similarly as EcACP with its cognate KS partner, suggesting highly tolerant protein-protein interactions between ACP and KS, already predicted by its phylogeny.
Although ACPs across species are conserved in structure, they show highly divergent sequences. Sequence, structure, and function are intimately linked and influence productive catalysis. Cr-cACP is expressed as a soluble protein in E. coli, alters the E. coli fatty acid profile, and is post-translationally modified by the E. coli PPTase AcpS. However, Cr-cACP is unable to complement an EcACP knockout strain, suggesting that it cannot interact with all endogenous FAS enzymes, similar to spinach ACP (De Lay and Cronan 2007) . The phylogeny of ACPs (Fig. S2) , (Cantu et al. 2012b) shows surprisingly distinct families, even within the previously identified ACP1 family (Cantu et al. 2012b) , suggesting that the match between ACP and partner protein also depends on the evolutionary origin of the ACP itself.
An additional complexity is feedback regulation by acylACPs (Andre et al. 2012) . For example, spinach ACP loaded with palmitic acid does not inhibit E. coli acetyl CoA carboxylase (EcACCase), whereas any acyl-EcACP does (Davis and Cronan 2001) , either due to the presence of a different regulatory mechanism or due to a missing allosteric interaction between spinach ACP and EcACCase.
Since the ACP-KS interaction seems to be permissive across species, we also tested this in the reverse evolutionary direction using a plant KSII engineered into C. reinhardtii. As with the bacterial ACP-KS interaction, Cr-cACP-CrKSII and Cr-cACP-RcKSII show almost identical in silico docking. Engineering RcKSII into C. reinhardtii's chloroplast has minimal effects on the fatty acid profile, but a slight, but significant, increase in C18 fatty acids corresponds to KSII natural activity. Engineering another thiolase, Δ5-elongase from alga Pavlova sp. into the moss Physcomitrella patens gave high levels of adrenic acid corresponding to the enzyme's activity in the alga (Kaewsuwan et al. 2010) . Taken together, it can be concluded that the ACP-KS interaction is permissive across species, directly following from the phylogenetic relatedness and common ancestry of thiolases.
Plant and algal ACPs are not able to complement the absence of endogenous EcACP in E. coli, suggesting that the ACPs are not able to interact productively with one or more partner proteins in the catalytic cycle. Since KSs show promiscuity towards their ACPs, most likely one of the other enzymes is responsible for the inability to complement. Indeed, the other FAS enzymes, MCAT, DH, KR, and ER, showcase a variety in evolutionary origin and relatedness, suggesting that not all of these enzymes will productively interact with any ACP.
For example, the E. coli genome contains another acyl-ACP dehydratase (DH) besides FabZ, FabA, which is responsible for the direct biosynthesis of unsaturated fatty acids in some bacteria. FabA is bifunctional and responsible for the synthesis of 10:1Δ2 from HO-10:0-β-hydroxydecanoyl-ACP. This trans-10:1-Δ2-ACP is either isomerized into cis-10:1-Δ3-ACP by FabA, or it is further processed to 16:0-ACP by KSI/KSII. The cis-10:1-Δ3-ACP is ultimately transformed by KSI to C16:1Δ9 (Feng and Cronan 2009) , which is elongated by KSII to C18:1Δ11. Interestingly, this dehydratase is absent from cyanobacteria, obligate anaerobic bacteria, plants, or algae. When EcFabA was engineered into tobacco, no significant changes in fatty acid profile were observed (Saito et al. 1995) . Previously, it was shown that spinach ACP interacts productively with EcFabA in vitro, even to the same extent as EcACP, suggesting that FabA mainly recognizes the acyl-chain and not the ACP (Guerra and Browse 1990) . Since Western blot analysis shows EcFabA in tobacco's chloroplast, the purified dehydratase is active and the protein levels are relatively high, most likely in tobacco's chloroplast no β-hydroxydecanoyl-ACP is available for EcFabA to act upon, adding an additional complexity to engineering FAS.
In this work, we began with the hypothesis that evolution can predetermine successful FAS engineering. Based on phylogenetic analyses, in silico structure-based predictions, in vitro mechanistic cross-linking assays and in vivo engineering efforts, we are optimistic that phylogeny indeed can set rules for compatibility between FAS enzymes across species to a certain extend. This finding paves the way for engineering of FAS enzymes for the production of designer oils, biofuel, and other fatty acid and lipid commodities in various organisms.
